measuring orientation regarding the magnetic north is the compass, which requires physical access of the operator to the location. Frequently it is not possible to collect orientation measurements manually with a compass, as the slope or part of it is inaccessible or unsafe. In these cases, if possible, secondary discontinuities or discontinuity sets are measured in other zones of the slope (more accessible, safer locations). Measurements of different types of discontinuities (e.g., foliation, bedding, joints) are subsequently analysed in laboratory settings, and grouped in clusters or groups of discontinuities with coherent orientation (also called sets [28] ). This grouping can be carried out manually, through the application of methodologies such as Kalsbeek counting net [29] , or automatically, through the identification of data clusters in polar or stereographic projections [30] .
As an alternative to manual data collection, analysis can be carried out from orientation data derived from the analysis of 3D point clouds. The SfM technique can present errors in the model generated due to, among other factors, distortion of the lenses utilized to acquired digital images. Some authors propose that photographs are taken with a specific inclination regarding the interest surface [31] but other programs recommend taking photographs perpendicularly to the surface and correct the internal parameters of the camera through the introduction of control points with known coordinates [32] .
Photographs and manual measurement of orientations
During the field campaign developed for this work, 58 manual orientation measurements were acquired with a compass on some plane surfaces -joints-of the slope.
Also, 35 photographs were taken with an amateur digital Nikon Coolpix S2800 "low cost" camera, to generate a 3D point cloud with the SfM methodology. The Agisoft Photoscan Professional software was utilized for the extraction of discontinuity orientations ( Figure   2 ). The aim of the 3D point cloud is to create a 3D reconstruction or digital image of the slope, allowing for the extraction or obtainment of more planar surfaces (joints) to improve the quality of the joint sets 3.3. Obtainment of the 3D point cloud It is necessary to identify and define planar discontinuity sets from the generated 3D point cloud to characterize the rock mass of a roadway slope,. For such, the 3D point cloud must be appropriately scaled and oriented, and it is necessary that distortions are minimized. At least three points of the slope are required for scaling and orientation.
Although this information enables the determination of the rigid transformation matrix to be applied, it is expected that the resulting model presents scaling, orientation and deformation deviations. This can be mostly avoided with the use of Bundle Adjustment, for which it is necessary to utilize Ground Control Points (GCP). Nevertheless, the results depend on the number and quality of the GCP employed.
The methodology herein applied is simple to implement in zones of difficult access, and enables the collection of GCP in remote locations, without the help of topography equipment. This could lead to some errors, up to ±2º for high quality compasses and ±5º for difficultly positioned devices or exposed outcrops, mine stopes, etc. This fact could not be ignored, and depends on the scope of the research or project (orientation of bolts, displacement monitoring, etc.). In this case, we propose a methodology that can be transferred to remote locations where conventional topographic equipment could not be easily transported, during prefeasibility stages of the project. In these stages, fast evaluation of the main stability mechanisms is more important than very accurate calculations with low field data. The studied slope serves as a test location to evaluate the possibilities of applying this methodology and the precision of the technique.
The methodology consists of selecting at least three GCP for an accessible zone of the slope ( Figure 3 ). Initially, a point is selected at an accessible, easily recognized location in the slope; this point is established as the origin of a relative reference system (0,0,0).
Then, coordinates of the other GCP are obtained, measuring distances and directions regarding the magnetic north, with the aid of a compass. All GCP are marked on the slope with coloured modelling clay, for easy identification in the field and in frames. In this way, the coordinates of three slope points are known, which will allow for the scaling and orientation of the point cloud generated, and therefore for the extraction of real discontinuity orientations. Crosses measuring 5-10 cm were utilized, and distances were measured with a rigid tape.
In the studied slope, the point marked as "1" was taken as the relative coordinate origin (0,0,0 shown in red in Figure3) . The other points, "2" and "3" (marked in blue and white, respectively, in Figure3), were taken with reference to "1". From point 1, the dip angle and direction of the vector defined by points 1-2 and 1-3 was determined.
Subsequently, with the measured distance between these points, coordinates of points "2" and "3" were determined, taking "1" as reference.
Extraction of discontinuities and comparison of orientations: validation
From the 3D point cloud obtained, discontinuity sets were determined by two different procedures: a) selection of point groups from a discontinuity and fitting by least square method of a plane; and b) semi-automatically, using the open-source software: Discontinuity Set Extractor [12] .
Three control planes were employed to evaluate the deviation between the compass field-measured orientations and those extracted from the 3D point cloud. These are planar discontinuity surfaces of the slope. Coloured clay is utilized to place arrows pointing towards the dip direction of the plane, for easy identification after photogrammetry restitution (Figure 4 ). These planes are measured manually with a compass at one point of the surface, and from the 3D point cloud of the slope by fitting to a plane with the Cloud Compare software [27] . Foliation plane S 0 , in the zone where the identification mark was situated, presented a small roughness-step, and exceptionally, two measurements were taken instead of one (Figure 4e ).
Dispersion of the orientations measured by the different methods (remote and manual) was evaluated by Fisher's K constant, which is a measure of the scatter about the mean orientation of a discontinuity [33] . A high K value (e.g., 50) implies in a more concentrated discontinuity group than a lower value of K (e.g., 20), which represents a more disperse group.
Results
Reference plane S 0 , marked for remote analysis, is shown in Figure4 a and c. Joint and joint J 2 , due to the higher number of employed samples. Nevertheless, K is higher in joint J 1 (i.e., lower measurement dispersion) as a higher number of values was employed (Table 2) .
Once results were validated through comparison planes, slope discontinuities were extracted semi-automatically from the 3D point plane utilizing the DSE software [7] , [10] , [16] , [12] , (Figure7). The DSE software carries out pole census from an elevated number of measurements (370,900 orientation measurements) (Figures 7a and   7b ). Figure 7c shows the photogrammetric restitution of the slope using the SfM technique and Figure 7d shows the classified 3D point cloud, where each colour represents a different set of discontinuities: S 0 (yellow), J 2 (green) and J 1 (red).
The stereogram shown in Figure 8 was built to compare stereograms of manual data ( Figure 6 ) and automatic extraction (Figure 7) , which was randomly reduced from 370,900 poles to 300. The DSE software operates within the MATLAB environment but Dips software [30] failed when loading the massive amount of data. It can be observed how a zone with an abundance of poles can be established as one only plane set (foliation) S 0 , instead of two sets, S 0 and J 2 . However, set J 1 is very relevant at a geotechnical stability level, presents few planes (although important), and is clearly masked by the large amount of data of predominant sets S 0 and in its case, J 2 (Figures 7 and 8 ).
Kinematic analysis was carried out with combined data (Figures 6c and 6d , and Table 2 ), which is shown in the stereogram of Figure 9 . The graphical scheme for the kinematic analysis was built using the poles of the slope and the poles of the joints with restricted daylight envelope to define stable /unstable situations [28] . The failure of the slope could have been produced not only in favour of S 0 , with discontinuity J 1 acting as tension crack (or block top fracture -boundary), but discontinuity J 2 (with similar orientation to S 0 , but higher dip) could have acted as a sliding plane. Generation of a combined cloud for S 0 and J 2 , and further comparison of restricted daylight envelopes results in a series of poles (in red) belonging to an unstable zone. Poles in green would belong outside this zone, being therefore stable (Figure 9 ).
Discussion
No data was available on the real orientations of fractures (high quality scan of the slope was not available -which indeed is not the scope of the research), and information has been obtained by different techniques. Control points ( Figure 3 ) were obtained using a single technique (manual compass and laser distance-meter / rigid tape) while planes were obtained by means of two techniques, none of them precision topographic techniques (Figure 4 ). Comparison with a "real" value, obtained with high precision techniques was not considered necessary, as it was not the object of the present work. The aim was to obtain relevant structural data from a slope, in a fast and simple way, and to validate as methodology for remote places. Instead of analysing the error embedded in the utilisation of fast techniques, the work has focused on the differences or similarities in data obtained (dip and dip direction) of both techniques. The distance between poles in the control planes, measured with different techniques, was considered the "quality control" -and these have been very similar ( Figure 5) . The difference between the two measurements (which cannot be defined as an error, because the actual measurement is unknown) would be under 5°. This falls within the precision range of a hand compass (± 2°). This precision is totally acceptable in pre-feasibility study phases for remote locations where and many coordinates are obtained with handheld GPS Manual data collection with a compass requires physical and safe access to the slope. However, inaccessible slopes (e.g. jungle, sea cliffs high slopes, river slopes) or those where safety is a concern frequently entail in challenging and unsafe work. In these cases, the field engineers frequently have few orientation measurements to carry out kinematic analyses, with the added inconvenience that many orientations are not representative of the sets that affect the rock mass (taken in a small, specific area). This The automatic discontinuity extraction technique via DSE software from the 3D point cloud can be considered as the most objective method, as the influence of the operator is minimal. There is also the advantage of generating a stereogram with an elevated number of poles. In this particular case it was possible to identify that discontinuities S 0 and J 2 were one only discontinuity set with variable orientation.
However, some planes that clearly play an important role in slope stability were identified by visual inspection. An example was the J 1 set, scarcely represented in semi-automatic discontinuity analysis, and its presence could even be ignored. One aspect that must be highlighted is that the orientation results for discontinuity sets S 0 and J 2 were similar, given that actually S 0 and J 2 refer to the same set. Difference in direction is due to a large undulation in the plane. This fact was not well established with manual data or with manual extraction of planes from 3D point cloud ( Figure 6 ).
The limitations of this technique depend on the accuracy required, for example for the design of a bolting scheme in a slope reinforcement or analysis of the movements of a landslide, when additional precision steps are required. But this type of high accuracy assessments are outside the scope of this research and proposed methodology. This approach recommended for feasibility studies or early analyses -fast in situ assessments, usually carried out before any topographic measurements are available.
The remote view and global analysis of the slope provides a wider and coherent approach of the discontinuity sets of the slope. But manual data acquisition helps obtain more geomechanical parameters (e.g. roughness, infilling, weathering).
Analysis of Fisher's K distribution for each cluster indicates that, in the case of stratification S 0 , there are no differences between manual data collection with a compass or using SfM (Table 2) . It is important to note that in joint J 1 (highlighted in red, overhanging Figures 1 and 4 ), Fisher's K is low in the case of SfM (i.e. 32). For this set, the K value was 166 by manual collection with compass. This means that the orientations of this discontinuity had not been determined precisely, because data collection was limited to a restricted zone of the slope. The 3D point cloud obtained via SfM provided more data from these under-represented discontinuities. In fact, the higher number of poles corresponding to discontinuity sets S 0 and J 1 generates a higher dispersion of the respective clusters. The high value of K (1331) associated with set J 2 , obtained from the 3D point cloud, is not representative, as this value only means that few similar orientation planes were selected from the 3D point cloud.
Analysis carried out from orientation data obtained via semi-automatic analysis of the 3D point cloud from the entire slope has enabled the appropriate characterization of J 1 , whose representativeness was not significant in the lower part of the slope. In this case, Fisher's K is very low (23) because the cluster presents higher dispersion due to the elevated number of measurements obtained for this discontinuity set. The analysis has helped determine that discontinuities S 0 and J 2 belong to the same set. A high dispersion in the clusters of discontinuities (low K values) do not indicate inaccuracy but often a richest and more representative data set.
Finally, a more rigorous kinematic analysis was carried out, in comparison with information obtained during the 2014 campaign [28] . This analysis included a higher number of poles, enabling the identification of the discontinuities responsible for the slope failure due to planar sliding (marked in Figure 9 ). Analysis has also enabled the identification of the precise orientation of the tension crack that delimits the key block, associated with planar failure (Figure 9 ). This joint set was previously measured only in less representative zones of the slope (and not at the higher part, where it is more evident) (Figure 1 ).
Conclusions
The study presented herein has highlighted that the combined analysis of discontinuity orientations obtained by manual procedures using a compass and from 3D point clouds enable a considerable increment in the quality of the stereograms produced, and therefore, of the orientations derived. One important advantage is that the combination of both methods improves representativeness of minority discontinuities or those with scarce dip measurements (e.g. J 1 ). These joint sets were previously underrepresented due to accessibility difficulties for manual data collection with a compass. In this sense, the analyses carried out have highlighted that the slope failure studied by Jordá et al. [28] occurred through the curve surface defined by S 0 and J 2 , instead of S 0 only. The J 1 set, widely represented at the upper part of the slope, is responsible for delimiting the failure in tension crack mode.
Validation of the orientations obtained from remote techniques was also carried out, comparing the values measured with a compass in three previously-defined control planes. The difference between the "control planes" measured by both techniques was reasonable, under 5º.
It can be concluded that digital photogrammetry, specifically the SfM technique, is a low-cost tool that is very useful, fast and easy to implement for geomechanical data collection in situ. In the case conventional methods are selected (i.e. compass) for inaccessible locations, such as high mountainous or jungle zones, these can be complemented in a relatively simple manner with the SfM technique. This research identified differences in the orientations of measured planes. The errors associated with GCP definition with compass and rigid measuring tape are acceptable for most of subsequent applications. Additionally, this angular deviation presents the same magnitude order than those associated with orientation measurements with a compass.
Nevertheless, it must be mentioned that remote data collection does not substitute manual data collection, but rather complements the latter, providing new data for those slope areas that were not physically accessed. Also, in situ data collection remains indispensable, as many aspects of discontinuity properties, such as fillings, alterations, etc., present an ineludibly descriptive character that requires in situ recognition.
Also, the discontinuities measured in the accessible zones can be employed, such as demonstrated herein, as control planes to compare against the orientations determined by both methods, enabling the establishment of the quality of the results provided by the remote method.
Therefore, the methodology proposed herein had its validity highlighted for the characterization and development of slope kinematic analyses with light, low-cost equipment, being an important alternative to costly and heavy terrestrial LiDAR equipment. The precision of the technique can still be improved by the use of topographical equipment that enable allocation of high-precision coordinates to the control points (GCP) employed in the restitution process.
This methodology can be easily transferred to other types of rock masses and geological settings, although it has been initially tested in slates. In fact, the technique consists in basically acquiring data with a compass wherever possible and safe, and complement the slope "scan" with a series of photographs to reconstruct the slope and extract the remaining fractures with software. [28] 
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